The Wnt signaling pathway is essential for the development of diverse tissues during embryogenesis. Signal transduction is activated by the binding of Wnt proteins to the type I receptor lowdensity lipoprotein receptor-related protein 5/6 and the seven-pass transmembrane protein Frizzled (Fzd), which contains a Wntbinding site in the form of a cysteine-rich domain. Known extracellular antagonists of the Wnt signaling pathway can be subdivided into two broad classes depending on whether they bind primarily to Wnt or to low-density lipoprotein receptor-related protein 5/6. We show that the secreted protein Tsukushi (TSK) functions as a Wnt signaling inhibitor by binding directly to the cysteine-rich domain of Fzd4 with an affinity of 2.3 × 10 −10 M and competing with Wnt2b. In the developing chick eye, TSK is expressed in the ciliary/iris epithelium, whereas Wnt2b is expressed in the adjacent anterior rim of the optic vesicle, where it controls the differentiation of peripheral eye structures, such as the ciliary body and iris. TSK overexpression effectively antagonizes Wnt2b signaling in chicken embryonic retinal cells both in vivo and in vitro and represses Wnt-dependent specification of peripheral eye fates. Conversely, targeted inactivation of the TSK gene in mice causes expansion of the ciliary body and upregulation of Wnt2b and Fzd4 expression in the developing peripheral eye. Thus, we uncover a crucial role for TSK as a Wnt signaling inhibitor that regulates peripheral eye formation.
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eye development | signaling modulator | small leucine-rich proteoglycan W nt signaling is involved in multiple developmental events during embryogenesis and it has also been implicated in adult tissue homeostasis (1, 2) . Wnt proteins act on target cells by binding to the Frizzled (Fzd)/low-density lipoprotein receptorrelated protein (LRP) complex at the cell surface, which transduces Wnt signals into the target cells (3, 4) . Extracellular antagonists of the Wnt signaling pathway can be subdivided into two broad classes: the secreted Fzd-related protein class and the Dikkopf class (5) . The members of the secreted Fzd-related protein class bind directly to Wnts and alter their ability to bind to the Wnt receptor complex, whereas members of the Dikkopf family inhibit Wnt signaling by binding to the LRP5/LRP6 component of the Wnt receptor complex. A Wnt inhibitor that specifically binds to the Fzd receptor has not yet been identified, however.
The peripheral rim of the optic cup is a unique region of the developing eye that forms two of the peripheral support tissues, the ciliary body (CB) and the iris (6) . These tissues are composed of a nonpigmented inner layer, which is continuous with the retina, and a pigmented outer layer, which is continuous with the retinal pigmented epithelium (7). Cho and Cepko (8) performed gain-offunction analyses in vivo and found that retinal cells exposed to high levels of Wnt signaling are induced to acquire CB and iris cell fates. Thus, Wnt signaling is involved in the differentiation of peripheral eye structures, but the molecular interactions involved are not yet clearly understood (8-12).
We previously described the isolation of Tsukushi (TSK) protein isoforms (13) , soluble molecules belonging to the small leucinerich proteoglycan (SLRP) family (14) , and showed that they work as extracellular modulators of pivotal signaling cascades during early embryonic development in chicks and frogs (13, (15) (16) (17) . We also observed that TSK rescues Xenopus embryos from the hyperdorsalized effects induced by Wnts (Fig. S1 ). In this study, we show that TSK functions as a novel Wnt signaling inhibitor by competing with Wnt2b for binding to Fzd4. Our biochemical analysis demonstrates direct binding between TSK and Fzd4 with an affinity of 2.3 × 10
−10
M. Using overexpression assays in chicken embryonic retinal cells, we found that TSK inhibits Wnt2b activity both in vitro and in vivo and represses Wnt2b-dependent induction of peripheral eye character. Conversely, TSK inactivation results in expansion of the CB in mice. Consequently, TSK is an important component of the molecular pathways controlling retinal and peripheral eye development.
Results
Expression of TSK at the Peripheral Chick Retina. There is substantial evidence that the Wnt signaling pathway controls the development of peripheral eye structures in several animal models (8, 12, (18) (19) (20) . TSK is expressed in the peripheral region of the developing chick eye at E6 (Fig. S2 A and B) . As shown in Fig. S2C , Wnt2b expression is localized to the anteriormost tip of the optic cup, whereas chick TSKB (C-TSKB) (15) is expressed in the adjacent ciliary/iris epithelium (Fig. S2B ). Comparing C-TSKB expression with the expression pattern of collagen IX (Fig. S2F) , a marker of the neighboring ciliary/iris epithelium (8, 21) , shows that C-TSKB expression does not extend into the ciliary epithelium region. Other Wnt ligands, such as Wnt3a and Wnt6, are not transcribed in the developing peripheral eye (Fig. S2G) . Fzd1, 3, and 4 are expressed in both the ciliary and the iris epithelia, whereas Fzd5 is not expressed in either of these areas (Fig. S2 D, E , and G). These expression patterns suggest that Wnt2b and C-TSKB could func-tionally interact with each other and regulate Fzd-dependent signaling in the peripheral eye.
TSK Inhibits Wnt2b Activity in Vitro. To address whether TSK functions as a Wnt inhibitor, we co-overexpressed C-TSKB with Wnt2b in the chick optic vesicle and observed the effects on the proliferation of retinal explants and the expression of the CB marker collagen IX, both of which are stimulated by Wnt2b (22) . We first electroporated the optic vesicles of E1.5 chicken embryos with a Wnt2b-expressing provirus as described previously (22) . We then dissected explants of the electroporated retinal tissues (250 × 250 μm 2 surface area) from the central region of E5.5 retinas and cultured them in vitro for 8 d (Fig. 1A) . Confirming the results of previous studies (22), Wnt2b-expressing retinal explants generated large folded sheets of tissue ( Fig. 1I) , with high numbers of cells incorporating BrdU (Fig. 1 B-G) . Conversely, the coexpression of RCAS:Wnt2b with RCAS:C-TSKB resulted in explants of similar size as the control explants ( ; n = 30) and C-TSKB-expressing explants (4.6 ± 1.7 × 10 3 ; n = 30), whereas it was exponentially increased in Wnt2b-expressing explants (1.2 ± 0.1 × 10 5 ; n = 30) (Fig. 1Q ). These effects were not due to changes in cell death ( Fig.  S3 A and B) .
We next sought to identify specific subdomains of TSK involved in the inhibition of Wnt activity. For this purpose, we generated Fcfusion constructs encoding between one and four leucine-rich repeat (LRR) domains from the N terminus (C-TSKB-LRR1-4-Fc), and evaluated their inhibitory function on Wnt2b activity using similar electroporation assays. Only C-TSKB-LRR4-Fc was able to completely inhibit Wnt activity in vitro (C-TSKB-LRR4-Fc: 7.3 ± 0.6 × 10 (Fig. 1Q) . Thus, it appears that at least four LRR domains of the C-TSKB protein are necessary for robust inhibition of Wnt signaling. To examine the specificity of the inhibition of Wnt2b activity by C-TSKB, we coelectroporated embryos with Wnt2b and either the extracellular domain of LINGO-1 (23), containing 12 LRR domains (LINGO-1-ex), or the secreted proteins Akhirin (24) or Equarin (25), which are not related to the SLRP family. None of these proteins inhibited Wnt activity (Fig. S3C) .
TSK Inhibits Wnt2b Activity in Vivo. Confirming previous studies (8) , overexpression of Wnt2b in the optic vesicle in vivo induced the expression of peripheral eye markers (Fig. 2 C, E, I , and L) and a significant reduction in the number of proliferating cells in Wnt2b-infected regions (Fig. S4 A and B) . We used this overexpression assay to examine whether the inhibitory activity of C-TSKB on Wnt signaling could be observed in vivo as well ( Fig.  2A) . Developing optic vesicles were infected with RCAS:Wnt2b at E1.5 and examined at E7.5. The infected eyes showed thinning and folding of the retinal epithelium at the level of the central retina, up-regulation of the CB markers BMP7 and collagen IX (Fig. 2 D , E, K, L, and M) (8, 21) , and down-regulation of β-tubulin III and pax6 expression (Fig. S4 C and D) . The average thickness of the RCAS:Wnt2b-infected thinner retina was 40 ± 19 μm (n = 11) (Fig. 2Q ). In the presence of both Wnt2b and C-TSKB, the infected retinal tissue failed to show any abnormalities (Fig. 2 F, G , N, O, and P) and was similar to the control retina ( Fig. 2 B, C, H, I , and J). The average thickness of control-, RCAS:C-TSKB-and RCAS:Wnt2b+RCAS:C-TSKB-infected retinas was 142 ± 21 μm (n = 8), 147 ± 6 μm (n = 3), and 151 ± 26 μm (n = 7), respectively (Fig. 2Q) .
We performed the same experiments using mutant forms of C-TSK. The average thickness of C-TSKB-LRR2-Fc-, C-TSKB-LRR3-Fc-, C-TSKB-LRR4-Fc-, and C-TSKB-LRR6-Fc-infected retinas was 72 ± 28 μm (n = 4), 65 ± 33 μm (n = 4), 132 ± 23 μm (n = 4), and 143 ± 22 μm (n = 4), respectively (Fig. 2Q ). This indicates that, similar to the in vitro assay shown in Fig. 1 , at least four LRR domains are necessary and sufficient to inhibit the effects of Wnt2b in vivo (Fig. 2Q ). In the same assay, the infection of RCAS:Wnt2b with RCAS:LINGO-1-ex, RCAS:Akhirin, or RCAS:Equarin failed to inhibit Wnt2b activity (Fig. S4E) . Consequently, TSK specifically and efficiently abrogates Wnt2b activity both in vivo and in vitro.
TSK Binds to Fzd4 Directly. To investigate the possibility of a biochemical interaction between TSK and Wnt signaling molecules, we performed coprecipitation assays by transfecting tagged constructs into COS-7 cells (Fig. S5A) . Wnt2b-Fc pulled down both Flag-tagged Fzd4-cysteine-rich domain [CRD; the site of highaffinity Wnt binding (26) ] and Flag-tagged Fzd5-CRD (Fig. S5B) , in addition to Flag-tagged LRP5-ex (extracellular domain of LRP5) (Fig. 3B) . When Myc-His-tagged C-TSKB was coprecipitated with Fc-tagged Wnt2b, precipitation with nickel-chelating resins did not pull down Wnt2b (Fig. 3A) . When Fc-tagged C-TSKB was coprecipitated with Flag-tagged LRP5-ex, Flag-tagged Fzd4-CRD, or Flag-tagged Fzd5-CRD, precipitation with protein G resins pulled down only Fzd4-CRD (Fig. 3 B and C) . Another isoform of the TSK gene, C-TSKA, which differs in the structure of the C terminus from C-TSKB (15), also pulled down Fzd4-CRD (Fig. 3C) .
To exclude the possibility that the detected binding between C-TSKB and Fzd4 is due to nonspecific interactions in the endoplasmic reticulum of transfected cells, we also performed coprecipitation assays with purified proteins. As shown in Fig.  3D , binding between the affinity-purified V5-His-tagged mouse TSK (M-TSK) protein (Fig. S5C ) and purified Fc-tagged mouse Fzd4-CRD (M-Fzd4-CRD) protein (Fig. S5D) was detectable as well.
To confirm that TSK binds to the CRD domain of the Fzd4 receptor, we performed competitive binding assays with Fzd4-CRD, C-TSKB, Wnt2b, and Norrin, a highly specific ligand for Fzd4 (27) . Fig. 3E shows that the binding of Myc-Flag-tagged Fzd4-CRD with Fc-tagged Wnt2b was inhibited by the addition of the Myc-His-tagged C-TSKB protein, whereas Akhirin and Equarin did not interfere with the interaction of Wnt2b and Fzd4 (Fig. S5 E and F) . Furthermore, the binding of Myc-Flagtagged Fzd4-CRD with Fc-tagged C-TSKB was inhibited by the Myc-alkaline phosphatase (AP)-tagged Norrin protein (Fig. 3F) .
We next sought to identify the specific subdomains of TSK involved in Fzd4 binding. We evaluated the binding of different Cterminally truncated constructs of C-TSKB containing a variable number of LRR domains to Fzd4-CRD. Interestingly, Fzd4-CRD bound to all mutant forms of C-TSKB (Fig. 3G ), indicating that a single LRR is sufficient for the binding of C-TSKB to Fzd4-CRD.
Fzd4 Is a TSK Receptor. Using immunocytochemistry and immunoblotting, we examined the nuclear translocation of β-catenin after Wnt signaling stimulation in L cells expressing Fzd4 (Fig. 4F) in the presence or absence of TSK (Fig. 4 A-E). As described previously (28) , the application of Wnt3a protein to L cells induced the translocation of β-catenin into the nuclei (Fig. 4 A and E), which was not detected when L cells were pretreated with C-TSKB protein (Fig. 4 C and E) . This finding is most readily explained by the hypothesis that Fzd4 functions as a receptor for TSK and that TSK inhibits Wnt signaling by competing with Wnt ligands for receptor binding at the cell surface. To further confirm this possibility, we expressed Fzd4 or Fzd5 proteins in COS-7 cells and assayed their binding to TSK-AP, a fusion protein of TSK conjugated with AP. Only Fzd4-expressing COS-7 cells showed specific binding to TSK-AP compared with control COS-7 cells (Fig. 4 G and H) . We calculated the dissociation constants (K d ) for TSK-AP binding to Fzd4 and Fzd5 and generated affinity values of 2.3 × 10 −10 M and 1.4 × 10 −9 M, respectively (Fig. 4 I-K) . Moreover, in the presence of Wnt3a protein, the binding of TSK-AP protein to Fzd4 was inhibited (Fig. S6) . Taken together, these observations strongly suggest that TSK inhibits Wnt signal transduction by interacting directly with Fzd4 at the cell surface and preventing Wnt2b from binding Fzd4 and thereby stimulating receptor activity.
Loss of TSK Results in the Expansion of CB in Vivo. To address the requirement for TSK function in vivo, we generated TSK −/− mice by inserting a lacZ/Neo cassette into the TSK coding exon (29) . We examined the expression of the TSK gene in adult TSK +/− eyes and found β-gal activity in the retinal layers, CB, and lens epithelium (Fig. S7 A and B) . The expression of TSK-driven β-gal was observed in the prospective CB and continued until adulthood (Fig. 5 A-F) . The CB is composed of folds of bilayered epithelium with an inner nonpigmented layer and an outer pigmented layer (30); β-gal activity was present predominantly in the inner nonpigmented layer (Fig. S7 C-E) .
To elucidate the role of TSK in CB formation, we performed a morphological analysis of adult eyes from TSK −/− and WT mice by observing the CB structure from the vitreous side. Fig. 5 G and H shows the CB structure in the dorsal and the ventral regions of a WT eye. We found that the ventral CB (Fig. 5H) was larger than the dorsal CB (Fig. 5G ). Both the ventral and dorsal CB appeared to be expanded in TSK −/− eyes compared with WT eyes; however, their dorsoventral difference was maintained in the mutant eyes ( Fig. 5 I and J) . This effect was quantified by measuring the maximal CB length in the dorsal and ventral regions of TSK −/− (n = 12 animals) and WT eyes (n = 10 animals) (Fig. 5 K and L) . Measurements of the CB area in histological sections confirmed the expansion of the CB in TSK −/− eyes (n = 10 animals) (Fig. 5 O-Q) compared with WT eyes (n = 8 animals) (Fig. 5 M, N, and Q) , Furthermore, immunohistochemical analyses failed to show any difference between adult WT and TSK −/− retinal layering within the inner retina (Fig. S8 A-L) . To exclude the possibility that the adjacent lens tissue, which normally expresses TSK, may be involved in the abnormal CB development of TSK −/− mice, we examined the morphology and mitotic activity of the lens and found no significant changes in TSK −/− mice (Fig. S8 M-Q) . Bone morphogenetic protein (BMP) signaling is required for the development of the CB, and we previously showed that TSK can work as a BMP antagonist during early embryonic development (13) . However, the expression of TGF-β signaling components in the CB was not obviously changed in TSK −/− mice compared with WT animals (Fig. S9A) .
Wnt-3a
Wnt-3a + C-TSKB We (Fig. 5 R-U) . Normal development of peripheral eye structures is also regulated by Wnt signaling (10) (11) (12) 31) , with Wnt2b and Fzd4 acting as the primary Wnt ligand and receptor in this context. In situ hybridization analysis of the expression pattern of Wnt2b and Fzd4 at E15.5 eye showed increased and expanded expression of both these genes in the peripheral eye of TSK −/− mice compared with WT mice (Fig. 5 V-Y) . Notably, Wnt2b overexpression in chick retinal cells up-regulated Fzd4 expression both in vitro and in vivo, suggesting that Fzd4 up-regulation in TSK −/− eyes is due to enhanced Wnt signaling (Fig. S9C) . Furthermore, overexpression of TSK in chick peripheral retina downregulated the expression of Lef1, which can be used as readout for Wnt signaling activation (10) (Fig. S9B) . Thus, TSK inactivation leads to up-regulation of key Wnt signaling components in the developing peripheral eye, similar to what was seen previously after overexpression of an active form of β-catenin (10-12), whereas TSK overexpression has the opposite effects, suggesting that TSK is both necessary and sufficient to modulate Wnt signaling levels during peripheral eye development.
Discussion
The SLRP family encompasses 17 genes, which are subgrouped into five discrete classes based on common structural and functional properties (14) . TSK belongs to the group of class IV SLRPs, which includes structurally related chondroadherin (32) and nyctalopin (33) , but it shares functional properties with class I SLRPs (34), including their role as BMP inhibitors (13, 15) . We have previously reported that TSK interacts with BMP ligands and the BMP antagonist chordin and functions as an inhibitor of BMP signaling during gastrula and neurula stages. In this context, TSKdependent BMP inhibition is required for germ layer specification, organizer formation, and early ectodermal patterning. However, the BMP antagonistic activity is stronger for the C-TSKA isoform than for C-TSKB, which is the homolog to Xenopus and M-TSK (15) . Although BMP signaling has been implicated in the specification of peripheral eye structures, in this context TSK does not seem to have a critical function as a BMP inhibitor, as shown by the normal expression of BMP signaling components in TSK mutant eyes. Instead, we found that TSK regulates β-catenin-dependent Wnt signaling, which plays a crucial role in peripheral eye development. In the peripheral eye, this pathway is activated mainly by the Wnt2b ligand and transduced mainly through the Fzd4 receptor. We show that TSK directly binds to the CRD region of Fzd4 and competes with Wnt2b for binding to the same domain, thereby preventing Wnt activation of β-catenin-dependent signaling.
Our assays in chick retinal cells showed that TSK overexpression can effectively inhibit Wnt signaling both in vivo and in vitro, and in particular, TSK can negate the peripheral eyeinducing effects of Wnt2b overexpression in both conditions. Activation of Wnt signaling also has been shown to affect proliferation of retinal cells; however, there is considerable controversy in the literature with respect to the neurogenic and proliferative effects of the Wnt pathway in the chick retina, with assays performed in vitro (35) and in vivo (8) lower than that in the normal control central retina. In this work, we performed the same in vivo and in vitro assays and obtained results similar to those reported previously. These discrepancies might be explained by the need for additional factors besides Wnt to stimulate proliferation in vivo, or possibly that some other unknown aspects of the in vitro culture environment enhance proliferation in response to Wnt signaling. These data also may reflect experimental differences in the timing, duration, and intensity of Wnt signaling, or regional and temporal differences in the outcome of Wnt signaling in the developing eye. The fact that TSK is able to efficiently abrogate Wnt2b activity in both in vitro and in vivo assays indicates that the differential response of retinal cells to Wnt2b in vitro and in vivo is likely modulated downstream from Fzd4 receptor activation.
Although the currently available data indicate that Wnt signaling is involved in the proliferation of retinal cells in a contextdependent manner, further work is needed to elucidate its precise role in eye development. Nevertheless, the fact that TSK was able to negate the effects of Wnt2b overexpression in both in vitro and in vivo experimental paradigms strongly supports the idea that TSK can function as a Wnt antagonist in the developing eye and especially in the context of peripheral eye differentiation, which was promoted by Wnt2b and repressed by TSK regardless of the experimental conditions applied. The analysis of TSK knockout mice confirmed the requirement for endogenous TSK function in peripheral eye development. Consistent with overexpression assays, TSK mutant eyes showed an enlarged CB. Furthermore, the expression of Wnt2b and Fzd4 was enhanced and expanded in the developing peripheral eye epithelium, indicating that TSK function is also required to restrict their activities at the transcriptional level. Taken together, our results support a model in which TSK expression in the peripheral eye modulates Wnt2b signaling in this region by quenching Fzd4 activation toward more central areas, thereby regulating the size of peripheral eye structures and especially the CB (Fig. 5Z ).
Materials and Methods
Detailed information on TSK KO mice, measurement of the length and area of CB, in situ hybridization, immunohistochemistry, chick electroporation and retinal explant culture, immunoprecipitation assays, and AP binding assays is provided in SI Materials and Methods.
